Microwave cavity filters are widely used in high frequency communication systems for high quality factor signal filtering. However, their large size makes it inconvenient for them to be used at lower operating frequencies especially in the 1-4 GHz frequency range of most of the present day commercial wireless applications. In order to improve their performance and to reduce their overall size, superconducting cavity filters were designed and simulated. Cylindrical and re-entrant cavity filters were fabricated, using seeded melt grown yttrium barium copper oxide high temperature superconductors. The resonant characteristics of these filters were measured, verifying the concept that small, high Q, cavity filters can be made for wireless applications.
Introduction
Frequency selective filters are one of the most crucial components in any communication system where the quality of the signal, voice or data, is highly dependent on the selectivity of the filter employed [1] . As the data rates in communication systems are increasing exponentially, the need for precise and highly accurate filters is also increasing. Researchers are periodically coming up with better and more efficient designs, making filter design a very competitive field. The filters used in different systems vary extensively depending on the system application. Some of the important characteristics to consider in selecting a filter are size, low insertion loss, high selectivity, bandwidth and noise margin [2, 3] . In addition, the entire communication system and its associated components may present several constraints which may prevent a unique optimal design solution. Hence the choice of a filter is always a trade-off between filter characteristics and system constraints.
With the advances in integrated circuits development, planar transmission line filters of very small size can be fabricated and used in most applications. Despite the availability of these smaller sized filters, bulk cavity filters provide higher quality factor, or Q, which are several times higher than other filter types. The sharper characteristics also reduce the interference from neighbouring channels. Thus by employing a high quality filter, the requirement for extensive signal processing to eliminate noise can be reduced greatly.
Cavity filters are employed in applications where the size of the filter is not a significant constraint and the system operates over a narrow frequency range. In this case the selectivity of the filter is very important. Typically, cavity resonator filters find applications in high frequency wireless communication systems, satellite transmission systems and radars, where the quality of the signal is of paramount importance and size is largely irrelevant [1] .
Even though the cavity resonators can provide high quality filtering, the major limitation of cavity filters is their bulky size in the range of frequencies in which most wireless applications operate. Most present day wireless systems cover the frequency range of 800 MHz to 5 GHz. For a cavity resonator to be used at 2 GHz, its radius is typically around 57 mm. Hence the use of these filters is limited to applications where space is not a constraint, while quality of filtering is of great importance. The aim of this research is to address the size limitations associated with conventional cavity filters, and thus to enhance their applications potential in state of the art communication systems.
Filters of high selectivity and high quality factors have been designed and implemented using High Temperature Superconducting (HTS) thin films [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . These thin film filters require either sputtered thin films or the better quality laser ablated thin films. Even though the laser ablated HTS films have the lowest AC losses and provide the best filtering characteristics, they are costly and their production throughputs are very low. The Seeded Melt Grown (SMG) superconductor crystals have relatively low losses compared to the sputtered films and similar losses compared to the laser ablated films [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . On the other hand SMG-HTS bulk material production is comparatively very cheap and these materials can be produced in large quantities with a high throughput.
This paper describes a method to reduce the size of cavity filters by use of re-entrant cavity structures made form SMG-YBCO superconductors. Though the re-entrant structure processed from ordinary conductors is relatively lossy, the results presented here show that, with the use of superconducting material, the cavity losses are reduced dramatically. As a result, much improved filter characteristics are obtained which significantly enhances the selectivity of such a filter.
Experimental details and results
In order to verify the feasibility of re-entrant cavities as low frequency filter elements, a conventional metal version was designed, simulated, fabricated and tested. The design was then extended to the SMG-HTS cavities. For both cases, provisions were made such that by replacing the reentrant post plates by simple plates, the cavities were also tested as simple cylindrical cavities for which exact design formulas apply.
Metal cavity resonator
A re-entrant metal cavity was designed, machined and experimentally measured [4, 5] . A photograph of the machined cavity and associated dimensions of the re-entrant cavity are shown in Fig. 1 . The radius of the fabricated brass cavity r 1 was 15 mm and the height h 0 was 10 mm. The radius of the inner post r 0 was 10 mm and height d was 8.5 mm. These dimensions allowed a 1.5 mm gap (g = h 0 À d) between the post top and the bottom surface of the cylindrical cavity.
Replacing the post-plate with a flat plate, corresponding simple cylindrical cavity parameters were also measured. For experimental measurements, a single coupling probe was used and it was inserted from the side surface. Care was taken to ensure that the probe tip did not touch the inner post when the re-entrant structure was used.
The simple cylindrical cavity was first simulated in High Frequency Structure Simulator (HFFS) by Ansoft Ò to determine the pertinent cavity parameters. Fig. 2a shows the simulated transmission characteristic (S 21 ) of the cylindrical metal cavity using two coupling ports. The inset in the same figure shows the simulated structure with the simulated E-field distribution within the cavity. Fig. 2b shows the corresponding experimentally measured S 11 -parameter using only a single coupling port. All these and subsequent experimental data were taken using Agilent-8510C Vector Network Analyser (VNA).
The simulations resulted in the resonant frequency, f 0 , of 11.9 GHz and the quality factor, Q, of 7355. The experimental values resulted in a resonant frequency value of 12.15 GHz and Q factor of 6927. Both the simulated and experimentally measured results are listed in Table 1 . The experimental measurements for the simple cavity matched quite closely with the results from the simulations. Slight variations in the resonance frequencies between the simulated and measured data may be attributed to the differences in the number of ports, and cavity perturbation due to the presence of the input probe. Also, in the simulations, the ports were approximated by conditions that may differ from the actual experimental conditions.
Re-entrant metal cavity resonator
Replacing the top flat plate with the plate and post combination, the re-entrant metal cavity was simulated and experimentally measured. Fig. 3a shows the simulated S 21 and Fig. 3b shows the experimentally measured S 11 of the re-entrant metal cavity. The results are tabulated in Table 1 . As expected, both simulated and experimental results show the dramatic decrease of the resonant frequency of a cylindrical structure having the same outer radius r 1 by the insertion of a central post to form the re-entrant cavity. Measured resonant frequency of 12.15 GHz for the cylindrical cavity decreased to 3.48 GHz for this geometry. These simulations and experimental results verify the concept of using a re-entrant cavity as filter elements.
As expected, re-entrant cavity performance using conventional metal cavities showed that the resonator structure was relatively lossy. To overcome these disadvantages, the replacement of the whole re-entrant cavity structure by a high T c superconducting material was explored. High temperature superconducting materials such as YBa 2 Cu 3 O x (YBCO) offer promise in this regard by virtue of their extremely low surface resistance at cellular frequencies [17] [18] [19] [20] [21] [22] [23] . Recent developments in the controlled growth of single-domain YBCO, however, offers an alternative technique for fabricating HTS components in a variety of shapes, and particularly in making compact, light weight, and tunable high frequency components and devices for wireless telecommunications and other electronic applications.
Crystal growth of the YBCO superconductor
The Seeded Melt Growth (SMG) method for processing bulk superconductors was originally developed to produce large domain HTS materials for levitation applications [17] [18] [19] . The SMG process is based on the concept of crystal growth, in which a small ''seed'' crystal with a higher melting point (compared to that of the precursor compound) is placed on the surface of the partially molten precursor pellet. Initial growth of the sample then takes place at the interface between the seed surface and the liquid during cooling. In addition, the growth assumes the orientation of the seed and eventually proceeds throughout the entire precursor pellet. In this way, large single-crystallike domain materials can be obtained. pellet and the Y 2 O 3 layer. Full details of the YBCO single domain growth process can be found in Refs. [17] [18] [19] [20] [21] [22] [23] [24] .
In order to use the single domain YBCO for high performance microwave communication components, a cylindrical cavity resonator was designed with a flat plate closed end, as shown in Fig. 4 . For this design, a novel net-shape process was developed based on the conventional SMG approach, which was modified as follows: (1) The pellet was pressed and machined into the desired geometry in the green state; (2) The seed was located in the center of inner surface for the optimum growth, and (3) The growth was controlled so that the entire preshaped pellet could grow completely into a single domain. The interior of the single domain cavity was hand-polished down to 1/4 lm with diamond paste. The polished samples were annealed in flowing oxygen at 400°C for 10 days.
Cavity filter using YBCO superconductor
Experiments were performed on a cavity resonator made completely of bulk superconductor in order to investigate the suitability of this material for filter applications. In these experiments, a cavity made of YBCO was cooled in a cryogenic chamber and the S-parameters of the filter at various temperatures were recorded. Readings were taken at different temperatures during the cooling process using a programmable temperature controller.
Two types of superconducting cavities were investigated experimentally. The first experiment was a conventional cylindrical cavity made from SMG-YBCO. In the second experiment, a plug was introduced into the centre of the top cover of the cavity to form a re-entrant structure. The cylindrical YBCO cavity had a radius r 1 of 11 mm and a height h 0 of 10 mm.
The performance of the simple HTS cylindrical cavity was also simulated over a wide frequency range to observe the two lowest resonant modes. For this simulation, it was assumed that the cavity walls had infinite conductivity. The simulated results over a wide frequency range are shown in Fig. 5 . The lower frequency corresponds to the TM 010 mode (theoretical resonant frequency f 0 = 10.44 GHz) and the higher frequency to the TE 111 mode of the cavity (theoretical resonant frequency f 0 = 17.0 GHz). For the experimental measurements, the VNA was swept around the center frequencies of the corresponding modes predicted by the simulations. Typical VNA input reflection coefficients readings (S 11 in dB) for the TM 010 mode at room temperature, at 80 K and 20 K are shown in Fig. 6 . Similar measurements were made within the frequency range of the TE 111 mode. In both cases, the measured values were slightly lower in frequency than the simulated values due to the insertion of the probes and to slight variations in the dimensions of the cavity. Also two ports were used in the simulations and in the measurements only a single port was used. In both experiments, the temperature was varied over a wide range from room temperature down to 10 K and the Q values were calculated from the measured data. The calculated loaded Q L and unloaded Q 0 at various temperatures are plotted in Figs. 7 and 8 for the respective TM 010 and TE 111 modes. From these graphs, it can be seen that there are significant changes in the Q factors as a function of temperature. There is a distinct and abrupt change in the quality factor at the critical temperature where the material becomes superconducting. The Q values continue to increase as the temperature is further lowered. Since these experiments were to verify the concepts of using SMG-YBCO bulk material as cavity filter elements, in these and in the subsequent experiments, input power dependence on the cavity parameters were not investigated. All these measurements were made using a fixed input signal power level.
Re-entrant cavity using YBCO superconductor
In order to manufacture superconducting re-entrant cavities, either the entire structure can be machined from a single superconducting crystal or just the inner post can be made of superconducting material. In order to demonstrate the feasibility of these concepts, both experiments have been carried out, one using the superconducting material only for the central post in a metal cavity and the other using a complete structure fabricated from YBCO.
Re-entrant cavity with a superconducting cylindrical post
A YBCO single domain re-entrant post was fabricated and the performance of the re-entrant cavity simulated for the measured dimensions of the post. For the main cavity, the metal cylinder detailed in Section 1 was used.
The results of the simulation are given in Fig. 9a . The corresponding measured sample data at 80 K is shown in Fig. 9b . The experimental data show a resonance frequency of 4.42 GHz. Q values are 1826 at room temperature, and 4528 at 80 K, respectively. The resonance becomes sharper in the superconducting state. It is apparent that the use of a superconducting re-entrant post has significantly reduced the losses in the structure and increased the Q factor. Compared to the re-entrant cavity with a metal post where the Q 0 was 2103, Q 0 with a superconducting post was almost doubled.
Complete superconducting re-entrant cavity filter
After verifying that the superconducting post in the cavity dramatically improved the filter characteristics, a set of YBCO single domain re-entrant cavities were fabricated and tested to verify that the results for re-entrant cavities were consistent. The new cavity had the following dimensions: outer cavity radius r 1 was 11 mm; height of the cavity h 0 was 10 mm; height of the inner post d was 8.5 mm and post radius r 0 was 7 mm, gap (h 0 À d) again was 1.5 mm, etc. Fig. 9a shows the simulated HFSS results, assuming infinite conductivity for the cavity walls, while Fig. 9b shows the measured S-parameters at 80 K, respectively. The experiments resulted in a resonant frequency of 3.185 GHz. The Q values were 2617 at room temperature and 6388 at 80 K. Fig. 10 shows as a function of temperature the variation of loaded and unloaded Q values for the completely superconducting re-entrant cavity. The simulated and experimental results for various re-entrant cavities are summarized in Table 1 . It should be noted that the dimensions of the metal and HTS cylindrical cavities are not the same.
In all these experiments, it was shown that the re-entrant cavity resonator processed completely from superconducting material had a highest quality factor. From our earlier measurements, the surface resistance R s of the SMG grown YBCO has a very low surface resistance comparable to that of the laser sputtered YBCO thin films [25] . When these values were used to calculate the theoretical Q values for cylindrical superconducting cavities, measured Q values were always lower than the calculated values.
The lower Q values for the superconducting cavities can be attributed to two major factors. The first factor can be attributed to the crystalline structure of the YBCO crystal. The R s measurements previously made were on the polished surface of the crystalline YBCO which was perpendicular to the c-axis of the crystal. On the other hand, when a cylindrical cavity was processed using the novel net-shape process, the inner cylindrical surfaces of the cavities were only polished. These surfaces are parallel to the c-axis of the crystal. AC losses on these surface properties may be larger than the surfaces that are perpendicular to the c-axis. At present, these surface qualities are being investigated in detail.
The second factor is that the cover top plate of the cavity was held in place by mechanical compression. Small gaps between the top surfaces of the cylinder and the cover plate may provide breaks in the continuity of the cavity surface currents. These breaks will increase the associated losses and thus further reduce the measured Q values. This can easily be remedied by joining the top plate to the cylinder by YBCO paste and by post sintering.
Conclusions
In this study, we have demonstrated the feasibility of using a re-entrant cavity structure for reducing the bulky size of the cavity filters. We have also shown that with the use of a superconducting material, the filter characteristics can be greatly improved and a filter with an extremely high selectivity can be achieved. As a result, we have simulated a wideband filter using multiple coupled re-entrant cavity structures. This work will be presented once the necessary measurements are completed.
The immediate practical utility of HTS devices in high frequency filter applications is currently limited by the availability of low cost cryogenic coolers required to cool the material to the superconducting state. However, even with these constraints, it is anticipated that the use of HTS filters will be required in the near future as urban wireless markets become more and more overcrowded. Therefore, the improved filter characteristics of the re-entrant filter structure investigated in this present study, coupled with the advantage of the lower cost bulk SMG superconductors, will certainly find valuable commercial applications in this ever increasing wireless age.
